ABSTRACT EmBP-1 is a wheat DNA binding protein of the basic leucine zipper (bZIP) class of transcription factors implicated in the mechanisms of abscisic acid mediated gene activation. Understanding the role of EmBP-1 in regulating gene transcription requires elucidation of its DNA binding specificity. The binding of EmBP-1 was studied using gel shift selection of DNA from random sequence pools. DNA binding sites were identified by sequencing of a selected pool and by cloning and sequencing individual sites. The binding sites were compared by mobility shift assay and DNase I footprinting, which show that EmBP-1 binds to a family of sequences with varying degrees of affinity. The highest affinity site bound by EmBP-1 is the palindrome GCCACGTGGC. EmBP-1 also binds several other sequences with high affinity, however most of these are asymmetric. While nearly all sequences bound by EmBP-1 contain an ACGT core sequence, EmBP-1 can also bind at least two sites with altered cores. These results provide a basis for comparing the DNA binding specificity of EmBP-1 with those of other plant bZIP proteins and provide insight into the possible target sites which EmBP-1 might bind in vivo.
INTRODUCTION
The basic-leucine zipper (bZIP) proteins are a major class of eukaryotic transcription factors which have been identified in organisms ranging from yeast to plants and mammals [1] . The bZIP proteins contain conserved DNA binding and dimerization domains in which the basic region contacts the DNA recognition site and the leucine zipper region forms an efficient dimerization interface [2, 3] . Mutational analysis [4] [5] [6] , domain swapping [7, 8] and cross linking via disulfide bonds [9] have demonstrated that the DNA binding specificity of bZIP proteins is primarily determined by the amino acid sequence of the basic region. However, the hinge and leucine zipper regions as well as residues outside the basic and leucine zipper domain may also be involved in determining binding specificity by juxtaposition of the basic regions or other mechanisms [8, [10] [11] [12] [13] . Thus, the sequence of the basic region alone is not sufficient for the prediction of DNA binding specificity of this class of proteins.
To date, over 22 plant bZIP proteins have been isolated [ 14] . Amino acid sequence comparisons show that the basic regions of plant bZIP proteins show more homology to each other than to those of other organisms, indicating that they represent a evolutionarily related subfamily. Consistent with this conservation, all plant bZIP proteins can bind sequences with a conserved ACGT core even though they may do so with different affmnities. When the bases flanking the core ACGT are examined for their importance in protein interaction, the binding specificities of the plant bZIP proteins appear quite diverse [15] [16] [17] . A recent study of 10 plant bZIP proteins directly compared DNA binding specificities under uniform conditions and led to the identification of three distinct groups based on their binding sequence preferences [18] . While these results are informative, they are limited by the number of oligonucleotides of defined sequences which were tested, for example asymmetric and non-ACGT core DNA sequences were not examined extensively.
The wheat bZIP protein EmBP-1 was isolated by screening a cDNA expression library with a DNA probe containing the abscisic acid response element or ABRE, however EmBP-1 can also bind to sequences other than the ABRE [19, 20] . DNAbinding proteins isolated by this method may bind the DNA probe used in a screen in vitro but have different functional targets in vivo. It is therefore essential to characterize the DNA binding specificity of EmBP-1 to determine if the ABRE is a high affinity site and thus a likely target site in vivo. Additionally, if DNA binding specificity is accurately defined for a number of related family members, comparison of the differences between their DNA binding domains may provide knowledge of the general relationships governing basic region -DNA interactions.
Previous studies [18, 19] showed that EmBP-1 binds Emla (GACACGTGGC), Hex (GTGACGTGGC) and four palindromic sequences (-4G/T -3C/A -2C -1A OC +oG +1T +2G +3G/T +4C/A) but has very low affinity for the palindromic sequences that do not include C and G at positions -2 and +2 respectively (nomenclature used in this paper follows that used by Oliphant [21] and Izawa [18] ). Dissociation constants of 4 *To whom correspondence should be addressed k.l 1994 Oxford University Press 4970 Nucleic Acids Research, 1994, Vol. 22, No. 23 nM for EmBP-l binding to the G-box (GCCACGTGGC) and C-box (GTGACGTCAC) were determined, making it the most specific G-box binding protein tested [18] . However, because only a limited set of sequences were tested, the extended range of DNA binding specificity of EmBP-1 is unknown. Additionally, the relative affinities of EmBP-1 for the its various binding sites have not been determined, nor have the importance of bases outside positions -4 or +4 on the binding of EmBP-1 been assessed.
In order to address these questions, the sequence specificity of EmBP-l was studied in detail. Selection of high affinity binding sites from random oligonucleotide pools by electrophoretic mobility shift assay (EMSA) was followed by sequence analysis of the selected sites. Quantification of EMSA and DNase I footprinting were used to further define the relative binding affmities of the selected sequences. Our results indicate that while EmBP-1 binds the symmetric sequence GCCACGTGGC with the highest affinity it can also interact strongly with a number of asymmetric sites including the ABRE. While nearly all sequences bound by EmBP-1 contain an ACGT core, EmBP-1 can also bind at least two sites with altered core sequences. This information will be important in understanding the role of EmBP-1 in regulating plant gene expression.
MATERIALS AND METHODS
Isolation of EmBP-1 cDNAs A XZAPII cDNA library was constructed using 10 yg of poly(A)+ RNA isolated from immature (stage I) ABA treated wheat embryos and oligo-dT primers as described [22] . cDNA was ligated into EcoRI cut XZAPII vector DNA (Stratagene, La Jolla, CA) and packaged in GigaPack Gold extracts (Stratagene, La Jolla, CA). By screening this library by hybridization with the original EmBP-1 cDNA GC19 [19] , a plasmid (pGCF13) containing a 1.4 kb cDNA insert was isolated (Figure iB) , however based on the EmBP-1 mRNA size as judged from northern blot experiments (1.6-1.7 kb) [19] it was apparently not full length. In order to obtain overlapping and/or full length cDNA isolates, fragments from pGCF13 were used to screen 1.2X106 phage from a Xgtll cDNA library [19] by hybridization at high stringency [23] . 15 partial length cDNA clones were isolated and two of these (pGCNN5. 1 
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357 [27] . An examination of the amino acid sequences of EmBP-1 family members demonstrates strong amino acid sequence conservation except at a few positions ( Figure IC) . The basic regions among these family members are identical. The percent amino acid conservation among these EmBP-1 family members ranges from 98.9% to 96.6% which is as high or higher than seen between other bZIP family members. The N-terminal third of EmBP-1 is particularly rich in proline and alanine residues (58 % of total Pro +Ala from residues 1-119), characteristics of transcriptional activation domains found in a number of other DNA binding proteins [28] [29] [30] . Present in the central third of the protein is a unique leucine heptad repeat element which contains interspersed proline residues in each of four repeat elements. Present within this repeat domain is a heptad motif (NLNIGND, aa residues 214-220) which is conserved between wheat EmBP-1, HBP-la, Arabidopsis GBF-1, and tomato GBF-4, GBF-9 and GBF-12 [31] [32] [33] . The functional significance of this domain is not known at this time, although it is not required for DNA binding or dimerization [25] . A second conserved amino acid block is partially conserved between EmBP-1, Arabidopsis GBF-1 and tomato GBF-4 and GBF-12 (SGSG--G, aa residues 132-138). The potential role of these conserved blocks in protein-protein interactions has previously been discussed [33] . The C-terminal third of the protein contains the bZIP domains as previously described [19] . Overexpression of recombinant EmBP-1 In order to obtain purified recombinant EmBP-1 protein for DNA binding studies, we overexpressed EmBP-la with an N-terminal 6 residue histidine fusion in E. coli. As shown in Figure 2 , cells expressing His6-EmBP-la did not contain large amounts of the fusion protein (lanesl -3), however, the His6-EmBP-la protein was readily purified under non-denaturing conditions by nickel ion chelate chromatography. At stringent wash conditions (100 mM imidazole), only minor contaminants remained (Figure 2A,  lane 4) . After a second heparin-agarose column, the His6-EmBP-la protein was nearly pure as evidenced by a single band on a coomassie blue stained SDS gel (Figure 2A, lane 5) . The identity and DNA binding activity of His6-EmBP-la was demonstrated by Southwestern blot analysis using the ABRE probe ( Figure 2B ). The recombinant His6-EmBP-la protein retained strong DNA binding affinity for the ABRE probe, even after being denatured with SDS and immobilized on nitrocellulose filters ( Figure 2B ). The apparent molecular weight of His6-EmBP-la as judged by relative mobility on SDS gels is slightly higher than the predicted weight based on the deduced amino acid sequence (39.8- Figure 3 . Strong selection was clearly apparent at positions 2, 3 and 4 and weaker selection was observed out to position 6 in both 5' and 3' directions (most apparent in Figure 3C ). At all the salt conditions, C was selected for the position -2 and G for +2. Only minor differences in selection at positions 3 and 4 were observed between samples bound at the different salt concentrations. However at the high salt condition, SAAB imprints are more clear indicating that the high salt increases the selection specificity ( Figure 3C ). To determine the sequences of the selected binding sites the PCR products were cloned into pUC18 and 61 isolates were sequenced.
Based on sequence differences, 19 distinct groups were identified all of which (excepting two) contain the ACGT core (Figure 4) .
A large number of the selected binding sites from oligo 2 are not observed in the SAAB imprint using oligo 1. In the selected binding sites from oligo 1, CACGTG is strongly selected while in the sites selected from oligo 2, CACGTG and CACGTC are nearly equally represented. From the selection of oligo 2, two non-ACGT binding sites were also isolated (Figure 4 , clones 22 and 45). In both of these sequences, it is the central CG base pairs that differ, CG being replaced either by CGC or GC.
Consistent with results from oligo 1, position 4 is shown to affect DNA binding strongly. Out of 61 clones sequenced, 43 selected binding sites are opposed to the left side of oligo 2 with G and C next to the random region used as positions -4 and -3. In contrast, only 7 binding sites are opposed to the right side of oligo 2, having G and A in positions + 3 and +4 of their binding sites (Table 1 and Figure 4) . The remaining 11 selected binding sites are centered within the 14 bp random sequence region and do not use the flanking DNA as part of their binding sites.
The four half sites that produce symmetric binding sites recognized by EmBP-l (Table 2 , # 1, #5, #8 and # 10) we have designated 'symmetric half sites' consistant with the findings of Izawa [18] . It is clear that some of the selected sites identified in Figure 4 are composed of one 'symmetric half site' combined with half sites that EmBP-1 can not bind when made symmetric. Half sites which can not be bound by EmBP-1 when made symmetric but which can be bound when combined with a symmetric half site we have designated 'dependent half sites'. According to the concepts of symmetric and dependent half sites, the binding sites selected from oligo 2 are organized in Table  3 . Combinatorial associations of four symmetric half sites will generate 10 different DNA binding sites, only 7 of which were cloned from the selected pool of oligo 2 ( # 1-7 in Table 3 ). According to the prediction made by Williams [16] , one of the strong class I half sites for type A plant bZIP proteins is G-4 C-3 C-2 A-, C_0. Consistent with this observation, we found that the GCCAC is found in 11 combinations of other half sites ( # 1-4, # 8-14 in Table 3 ), whereas for the weaker half site T-4 A3 C-2 A-, C_0, only 2 combinations with other half sites were selected (#4 and # 17 in Table 3 ). Among the dependent half sites, most include either G+o T+1 C+2 A+3 T+4, G+O T+1 C+2 A+3 C+4 or G+o T+1 C+2 A+3 G+4. The other EmBP-1 dependent half site worthy of note is G+o T+1 A+2 A+3 G+4 which exists in naturally occurring cis-elements ocs and as-i [34, 35] , and is also a strong half site for the yeast bZIP protein GCN4 [36] . The ability of the dependent sequences to generate a specific DNA binding site with other defined sequences may reflect some degree of flexibility associated in bZIP proteins/DNA interactions. In the two non-ACGT core sites, one ( # 19) has three central base pairs (CGC) and is flanked by two strong symmetric half for oligo 2. bLF and RF indicate left and right flanking sequences. Figure 5A . Quantification of the amount of DNA bound by EmBP-1 in three replicate experiments show that His6-EmBP-la binds the palindromic sequence GCCACGTGGC with the highest affinity ( Figure SB, # 1 ). His6-EmBP-la can also bind other sites with affmity comparable to that of the highest affinity site (Figure SB, #9 and # 16). The high affinity sites ( Figure SB, #2-4 Figure 6A and 6B indicate that in all cases, the protected regions center on the ACGT core element ( Figure 6C ). Judged by relative strength and extent of protection at different protein concentrations, these Symmetric Symmetric 5 and 6) are also selected weakly, indicating that EmBP-1 interacts with these positions with a moderate degree of sequence preference. From our results, it is evident that the selected binding sites are not symmetric.
All possible binding sites (10) identified from selection of oligo 1 are composed of symmetric half sites and most of them (7) were also cloned from selection of oligo 2. It is consistent that the half site G-4 C_3 C-2 A-1 C-0 which is selected strongly in oligo 1 allows for more combinations with other half sites in oligo 2 selection as compared to lower affinity half sites. The selectivity of our system is demonstrated by the fact that the weak symmetric binding site TACACGTGTA is not evident in either of the selections. Contrary to the previous prediction [16] , the symmetric binding site GACACGTGTC is not a strong binding site for EmBP-1.
Three lines of evidence support the conclusion that position +4 or -4 affects DNA binding strongly. First, SAAB imprinting of oligo 1 demonstrated strong selection at position +4. Secondly, the sites selected from oligo 2 show similar selection at position -4 and the flanking sequences GC on the left site and GA on the right of the random sequence contributed differentially to the site selection. Finally, evidence from gel shift assays showed that a change of G+4 to A+4 in the highest affinity binding site will lower the binding affinity by approximately 25% (#1 and #4 in Figure SB ). From these data we conclude that at least ten base pairs constitute a strong EmBP-1 binding site, although additional bases flanking the sites might also be important in the interaction.
Most of the sites selected from the random oligo 2 pools contain the ACGT core, consistent with the fact that ACGT is the main component in binding sites of plant bZIP proteins. The highest affinity site for EmBP-l (GCCACGTGGC) is a perfect palindrome, reflecting the symmetric association of bZIP homodimers with their DNA targets. However, EmBP-l also binds other non-palindromic sequences with comparable affinity. One high affinity non-symmetric site which was selected is the ABRE, a cis-regulatory element involved in abscisic acid mediated gene expression [20] . It is reasonable to assume that such high affinity sites will also be bound in vivo, thus the binding specificity of EmBP-1 is consistent with its potential role in mediating ABA regulated gene expression. It is possible that the affmnity of EmBP-1 for its various target sites could have biological significance in determining activation efficiency of different genes containing these sites in vivo as has been shown for the yeast bZIP protein GCN4 [39] .
The optimal binding sites for plant bZIP proteins have two central CG base pairs. EmBP-1 can also bind a target site with three central base pairs with respectable affinity. This situation is also analogous to GCN4 whose optimal site has one central C base pair, and yet it can also bind the central two base pair CG site but with lowered affinity [38] . These facts demonstrate that the bZIP proteins show considerable flexibility in the spatial relationships of the two half sites in recognition sequences and may reflect a degree of flexibility of DNA sequences as shown in the recent crystallographic study of GCN4-CRE complex [40] .
EmBP-1 can also bind a large number of asymmetric sites with affmiity comparable to the symmetric sites. Some of the asymmetric sites bound by EmBP-1 contain half sites which are not bound if made symmetric (dependent half sites) including the sequences TCA and TAA which are also found in ocs and as-I elements used to isolate plant C-box binding bZIP proteins [15, 35] and also in binding sites for the yeast bZIP protein GCN4 [36] . This common recognition sequence of different bZIP subfamilies may indicate a common binding mechanism for bZIP-DNA interaction. It is also important in that DNA sequences significantly different from the palindromic G-box could be important regulatory sites in vivo. Interestingly, some (but not all) of these sequences show DNase I hypersensitivity upon DNA binding by EmBP-1. This feature could also play a role in the regulatory activity of a protein-DNA complex.
We show that EmBP-1 has a relaxed DNA binding specificity as was noted for the mammalian bZIP protein C/EBP [3] . Thus, it is difficult to generalize 'rules' governing EmBP-1 DNA binding specificity. G-4 C-3 C-2 A-, is a strong symmetric half site while T-4 C-3 C-2 A-, and T-4 A-3 C-2 A-1 are weaker symmetric half sites. However, sites composed of any of these symmetric half sites and the dependent half site T+1 C+2 A+3 G+4 are all very high affmnity sites ( Figure SB , sites # 10, #16 and # 17) . Although a large number of different sequences were tested, it is likely that these selected binding sites do not represent all of the sequences that EmBP-1 can bind. It is possible that some binding sequences were less abundant due to PCR bias and therefore were not cloned. Accordingly, relative abundance of particular sequences in the selected pool does not necessarily represent relative affmiity of the selected sequence.
The wheat bZIP proteins EmBP-1, HBP-la and HBP-lb can bind Hex-like sequences (GCCACGTCAC) with high affinity ( [15, 31] and this study), however they differ in C-box binding affinity. HBP-lb binds C-box sequence with high affmnity, HBP-la binds the C-box weakly and EmBP-1 has very low Cbox binding affinity [15, 18] . The basic region of HBP-lb is more similar to that of tobacco TGAla than it is to HBP1a or EmBP-1. Consistently, TGAla binds the C-box strongly but it can also bind the Hex element [18] . These observations suggest that DNA binding specificities of plant bZIP proteins range from G-box to C-box and with intermediate DNA binding specificities for sequences such as Hex. Studies of plant bZIP DNA binding specificities in the literature to date have been obtained with purified proteins in their homodimer states. To better understand the role of the bZIP proteins in gene regulation, it will be important to understand how heterodimerization alters the binding preferences of this class of proteins and to develop assay systems to test the combinatorial functions in vivo.
